Aircraft dropsonde observations provide the most comprehensive measurements to date of horizontal water vapor transport in atmospheric rivers (ARs). The CalWater experiment recently more than tripled the number of ARs probed with the required measurements. This study uses vertical profiles of water vapor, wind, and pressure obtained from 304 dropsondes across 21 ARs. On average, total water vapor transport (TIVT) in an AR was 4.7 3 10 8 6 2 3 10 8 kg s 21 . This magnitude is 2.6 times larger than the average discharge of liquid water from the Amazon River. The mean AR width was 890 6 270 km. Subtropical ARs contained larger integrated water vapor (IWV) but weaker winds than midlatitude ARs, although average TIVTs were nearly the same. Mean TIVTs calculated by defining the lateral ''edges'' of ARs using an IVT threshold versus an IWV threshold produced results that differed by less than 10% across all cases, but did vary between the midlatitudes and subtropical regions.
Introduction
The global atmospheric water budget is a subject of ongoing research. Recent evaluations of global climate model representations of precipitation, evaporation, and moisture transport compared to observed river discharges into oceans (Trenberth et al. 2011) concluded that ''their differences reveal outstanding issues with atmospheric models and their biases.'' One reason for their differences is that horizontal water vapor transport in climate models is sensitive to grid size (e.g., Hughes et al. 2012; Demory et al. 2014) . Demory et al. (2014) notes that ''as [model] resolution is increased, precipitation decreases over the ocean and increases over the land. This is associated with an increase in atmospheric moisture transport from ocean to land, which changes the partitioning of moisture fluxes that contribute to precipitation over land from less local to more nonlocal moisture sources.'' This reasoning raises the question of what amount of water vapor transport is correct, and thus how well atmospheric rivers (ARs) are represented, since they are responsible for 90% or more of horizontal water vapor transport in the midlatitudes (e.g., Zhu and Newell 1998; Ralph et al. 2004) . To help address this challenge, the data and analyses presented herein use field observations from research aircraft during the recent CalWater field experiments (Ralph et al. 2016) and from earlier experiments. The CalWater data more than triple the number of suitably observed cases available.
The crucial role of ARs in determining the water vapor and precipitation distribution and variability in and near the midlatitudes makes them a key player in the water cycle. These relatively narrow (,1000 km), lowaltitude (75% of water transport within lowest 2.5 km), elongated (.;2000 km) corridors of strong horizontal water vapor transport occur over most midlatitude areas of the globe . Their impacts are becoming increasingly recognized, particularly for the western, and even central, United States, as well as other areas in the world where they are implicated in extreme precipitation and most major flooding events on the west coasts of midlatitude continents (Ralph et al. 2006 Neiman et al. 2008a Neiman et al. ,b, 2011 Leung and Qian 2009; Guan et al. 2010 Guan et al. , 2013 Dettinger et al. 2011; Lavers et al. 2011 Lavers et al. , 2012 Moore et al. 2012; Kim et al. 2013; Viale and Nunez 2011) . For example, Ralph et al. (2006) showed that the seven largest mean daily flow events during the 1997-2006 period on Northern California's Russian River are directly attributed to heavy precipitation during landfalling ARs. Similarly, Neiman et al. (2011) showed most annual peak streamflow events in Washington were associated with ARs. Studies in Europe (Stohl et al. 2008; Lavers et al. 2011 Lavers et al. , 2012 and South America (Viale and Nunez 2011) have come to similar conclusions. In conjunction with these flooding hazards, ARs also make vital contributions to the regional water supply and can be key in breaking droughts. For example, 25%-50% of the water supply (i.e., snowpack and rain) in the U.S. West Coast states is delivered by only a few AR events (Guan et al. 2010; Dettinger et al. 2011; , and roughly 40% of drought breaks in California were associated with a period of landfalling ARs . Additionally, recent diagnoses of new climate projections of annual precipitation in California have found that the largest contributor to intermodel variability in this key parameter is caused by how the strongest precipitation events (i.e., in this area, ARs) are represented (Pierce et al. 2013) .
Most earlier AR studies have depended upon satellite-observed vertically integrated water vapor (IWV) using Special Sensor Microwave Imager (SSM/I) satellite data (e.g., Ralph et al. 2004; Wick et al. 2013) , or on reanalyses and model-derived analyses (e.g., Neiman et al. 2008a; Lavers et al. 2011; Cordeira et al. 2013) . Although the IWV measurements provide a useful proxy for AR water vapor transport, anecdotal evidence suggests there are numerous instances when the IWV measurements identify an AR in the presence of very little horizontal water vapor transport occurring (often in the ''equatorward tail'' of an IWV AR signature).
In spite of their importance, very few measurements have been available to observationally quantify and validate the amount of water vapor transported in ARs. These validations have focused on case studies in which dropsondes released from research aircraft across an AR are used to determine the horizontal water vapor transport (Ralph et al. 2004 (Ralph et al. , 2005 Neiman et al. 2014) . The dropsondes measure wind, water vapor, temperature, and pressure as they descend. One of the goals of the CalWater program of field studies (Ralph et al. 2016 ) has been to collect a much larger set of such observations so as to better quantify and understand ARs over the Pacific Ocean. This paper presents analyses combining the earlier flight data with the new CalWater measurements. Additionally, these data allow for quantitative comparison of the well-established IWV-based threshold (20 mm) used to define the lateral ''edges'' of an AR with the emerging use of an integrated vapor transport (IVT) threshold [typically 250 kg m 21 s 21 ; e.g., Moore et al. (2012) and Rutz et al. (2014) , though Mahoney et al. (2016) uses 500 kg m 21 s 21 for the southeast United
States (a region with greater background water vapor), and a variable IVT threshold was used by Lavers et al. (2012) and Guan and Waliser (2015) ]. In February 2014, the NOAA Gulfstream IV-SP (G-IV) research aircraft sampled 10 ARs over the northeast Pacific Ocean as part of an ''early start'' deployment for the CalWater2 project. On five of these flights, multiple dropsondes were deployed in a line crossing the AR to sample the total AR water vapor transport (AR transport). During the main deployment of CalWater2, the NOAA G-IV aircraft sampled transects across another seven ARs in early 2015 while the U.S. Air Force Lockheed C-130 Hercules (USAF C-130) sampled four ARs in early 2016. These recent data more than quadrupled the overall number of such cross-AR airborne samples suitable for calculating AR water vapor transport. The sampling also allowed for analysis to explore what number of dropsonde samples is needed to accurately quantify the full water vapor transport of an AR through a cross section across an AR. The ''AR transport'' is defined here as the total IVT (TIVT) and is calculated as the horizontal integral of IVT across the AR transect perpendicular to the direction of mean vapor transport. Analysis of these 12 new samples, in combination with the five previous samples from the preceding 10 years, from a Hawaiibased experiment in 2005 and Winter Storms and Pacific Atmospheric Rivers (WISPAR) in 2011 (Neiman et al. 2014) , are used here to comprehensively investigate the observed amount of water vapor transport in ARs and to compare IWV-based and IVT-based AR detection criteria.
Data
Vertical profiles of dropsonde measurements gathered from 37 research flights that observed ARs over the Northeast Pacific Ocean during the 1998-2016 period were examined (Table 1) . To be considered in the present analysis, each profile was required to have no vertical data gaps exceeding 50 hPa within the surfaceto-500-hPa layer. Applying this criterion yielded a total of 1052 profiles of dropsonde measurements, with the number of dropsondes per flight varying from 4 to 59. The IWV and IVT were calculated from each profile using
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qV dp, where g is gravity, q is the specific humidity, V is the wind velocity, and p top is the upper limit of data from each dropsonde. The value of p top varies among the dropsondes, thus impacting comparison of calculated values of IWV and IVT. We assume this impact is not significant since we required dropsondes to provide data throughout the surface-to-500-hPa layer that contains the vast majority of atmospheric water vapor (e.g., only 3% of the total atmospheric water vapor and 5% of the total IVT was contained in the 500-200-hPa layer based on 400 dropsondes with data extending above 200 hPa). The AR water vapor transport is calculated from transects that meet the following three criteria:
d transect had to consist of at least nine dropsondes (to help insure adequate observational coverage of the AR core; see section 3e for an assessment of sensitivity of TIVT to dropsonde spacing), The threshold value of IWV 5 20 mm is motivated by Ralph et al. (2004) and Neiman et al. (2008a) , whereas the threshold value of jIVTj 5 250 kg m 21 s 21 is motivated by Moore et al. (2012) and Rutz et al. (2014) . Application of these conditions to the dropsonde data from the 37 flights in Table 2 yielded 21 individual transects (total of 304 dropsondes) deemed to contain enough observations to adequately sample an AR cross section. However, in some of these 21 cases the dropsonde transect did not extend far enough away from the center on one side (usually the equatorward side) to completely sample the AR using the above IWV and IVT criteria. In other words, the first or last dropsonde in the transect was still within the AR using the IWV . Table 2 . Composites formed using available SSM/I data within 616 h of transect time. The white lines represent the approximate location of each AR transect. The image times (upper-right corner of each panel) were selected to correspond as close as possible to the midpoint of each transect. The total vapor transport within each AR using both IWV (TIVT 1 ) and IVT (TIVT 2 ) critical thresholds are listed above each panel. White areas denote either land pixels or missing data. Some of the IWV imagery contains artifacts that result from the blending of data 616 h of the transect time. SSM/I data were produced by Remote Sensing Systems and accessed at www.remss.com.
thresholds. To increase the number of available study cases, the criteria were subjectively relaxed. This resulted in four subcategories of cases: 1) AR defined using stated IWV and IVT thresholds (seven cases). 2) Lateral edges defined if first or last dropsonde reported IWV and/or IVT within 15% of respective threshold (six cases). 3) Lateral edge of equatorward side of AR defined using IVT threshold but not IWV threshold (four cases). All of these were subtropical cases where the equatorward boundary of the AR was within a large region of high IWV based on SSM/I IWV imagery. This suggests that the main advective dynamics associated with the AR was completely sampled by the dropsondes and also illustrates a drawback to using the IWV threshold in these subtropical regions. Fig. 1 , but for AR events 13-21 listed in Table 2. subtropics (central latitude , 338N) and midlatitudes (central latitude . 338N). The large-scale spatial distributions of SSM/I-derived IWV (Wentz et al 2012) Table 1 (transect numbers, per Table 1 , are shown). The background image denotes weekly AR frequency calculated using the AR detection tool of Wick et al. (2013) applied during the 2003-12 cool seasons (NovemberFebruary). AR frequency data west of 1608W were not available.
is a common signature of an AR (e.g., Ralph et al. 2004; Neiman et al. 2008a,b) , whereas examination of the transect values of IVT magnitude reveals that each transect contains IVT magnitudes . 250 kg m 21 s
21
. Transects are mostly found over the eastern North Pacific between 178 and 498N in a location that frequently experiences AR conditions during winter months (Fig. 4) .
Analysis a. Overall mean and comparison of IWV-and IVT-based methods
The 21-case mean TIVT is 4.7 3 10 8 kg s
21
, using the IVT magnitude threshold of 250 kg m 21 s 21 ; the IWV threshold of 2 cm yielded an average TIVT that was 8% smaller. The average AR width is 886 km using the IVT magnitude threshold, which is just 2% larger than that derived using the IWV threshold [note that the width is greater than that of Ralph et al. (2004) because that study limited cases to those ,1000 km wide and did not address subtropical cases as much; as shown in latitude. First, the IVT magnitude threshold is less sensitive to varying background IWV conditions as evidenced by the 77% greater average width of ARs in the subtropics as compared to ARs in the midlatitudes using the IWV threshold and a 5% reduced average width of ARs in the subtropics as compared to ARs in the midlatitudes using the IVT magnitude threshold. Second, the IVT magnitude threshold produces results that are far more consistent between subtropical and midlatitude conditions (i.e., the average TIVT and AR widths differ between the regions by 1% and 5%, respectively, for the IVT method, compared to 24% and 77% using the IWV method). Third, orographic precipitation, which is an important driver for both total annual precipitation and individual extreme precipitation events on many west coasts of continents, is driven much more by the flux of water vapor up a mountain slope (i.e., the upslope component of IVT) than by simply the amount of water vapor (IWV).
b. Comparison of all individual AR transects
The 21 individual transects, shown in Fig. 3 , represent an extensive range of ARs as measured by the characteristics listed in Table 2 and by their structures in IWV seen in Figs. 1 and 2 . In some cases the IWV criteria were not met, but IVT was (e.g., AR 4), while in others the IWV criteria were met, but the IVT criterion was only barely met (e.g., AR 10). Generally, the subtropical ARs did not have a welldefined southern (warm) edge based on IWV criteria, but did for the IVT criterion. AR 3 had a broad region of large IWV but very weak IVT on its cold side, and the case with the strongest IVT (AR 7) had only slightly greater maximum IWV than other ARs. Conversely, an IVT magnitude transect with relatively small values (AR 10) has IWV values that are larger than many other transects over much of its width. These differences highlight the importance of the horizontal wind field and how IVT provides a more robust criterion for identifying ARs. The analysis hereafter focuses on the application of IVT magnitude threshold method.
c. Composite AR characteristics
To best synthesize the information from the many AR observations, the data from all 21 transects are averaged into one composite transect. Thus, this transect represents the mean characteristics of the width and TIVT of all the cases observed. To provide the synoptic context, a composite of the plan view perspective is also shown. The resulting composite analysis (methodology described below) based on all 21 ARs is provided in Figs. 5 and 6. Separate composite analyses for subtropical and midlatitudes cases are shown in Figs. 7-10.
Plan view composites (Figs. 5, 7, 9) were produced using Climate Forecast System (CFS) products (reanalysis for 2005 and 2011 ARs and operational analyses for 2014-16 ARs) at 0.58 resolution. IWV and IVT were computed from 1000 to 250 hPa for each AR listed in Table 2 . Composites were formed by referencing (without rotation) the horizontal IWV, IVT, and surface pressure fields to the latitude and longitude of the IVT maximum for each AR.
Cross-sectional view composites (Figs. 6, 8, 10) were produced using dropsonde measurements for each AR. For the vertical cross-section view, IVT was calculated as a function of pressure and horizontal distance along each AR transect and then normalized FIG. 7 . As in Fig. 5 , but for the 9 subtropical cases.
to match the mean width and mean TIVT of all ARs considered. The along-transect vertically integrated IVT and IWV from each AR was normalized to the AR width.
On average, an AR is associated with an extratropical cyclone and is located ;1000 km southeast of the parent low-pressure center (Fig. 5) the maximum IWV is .3 cm, and maximum precipitation rate is 8-10 mm (6 h) 21 . The composite IWV pattern looks remarkably similar to a typical SSM/I satellite image. The composite vertical cross section (Fig. 6, top panel) shows the vertically sloping character (upward toward the cold side) of the core of the horizontal water vapor flux above ;900 hPa. The baroclinicity of the region is indicated by the slope of the freezing level, which descends more than 1 km on average across the AR, and by the presence of an upper-level jet stream wind maximum . 45 m s 21 .
Most (75%) of the IVT (i.e., H75) is found below about 2.9 km MSL, and the region of the upper-level jet stream wind above 8 km contains just 5% of the IVT. The rather symmetric distribution of IVT across the AR is evident in the bottom panel of Fig. 6 . The close correspondence of the IWV-based (2 cm) and IVT-based threshold (250 kg m 21 s 21 ) on the northwest (cold) edge of the AR is seen in this figure, as is the lack of correspondence at the southeastern (warm) edge. Table 2 , Fig. 3 , and Figs. 7-10 reveal some important differences between subtropical and midlatitude ARs. In particular, note that the maximum IWV values in the subtropical cases averaged 41% more than the midlatitudes cases (41.3 versus 29.3 mm), likely due to the general equatorward increase in IWV. In contrast, the average maximum IVT, the average TIVT, and the average width in the midlatitudes all varied by less than 5% from the average values in the subtropics (using IVT threshold method). This difference results largely from the fact that winds are often much stronger in the midlatitude events (mean maximum 925-hPa wind speed was 30.2 m s 21 in midlatitude transects versus 22.0 m s 21 in subtropical transects), FIG. 8 . As in Fig. 6 , but for the 9 subtropical cases.
although the average direction of the full-layer mean transport is nearly identical (2268 versus 2288), that is, transporting water vapor from the southwest to northeast. The precipitation distributions also differ, with the midlatitude composite showing structure characteristic of a comma cloud typically found with extratropical cyclones, while the subtropical cases show somewhat less organized precipitation structure and the maximum larger composite rain rates are greater than the midlatitude composite. In both cases the maximum precipitation is northeast of the center of the cross section. Differences in the vertical structure between subtropical and midlatitudes ARs are also revealed by this analysis. The upper-level (ULJ) and low-level jets (LLJ) are both stronger in the midlatitude ARs, with the ULJ and LLJ averaging just over 50 and 25 m s 21 in the midlatitudes and 40 and 15 m s 21 in the subtropics.
Baroclinicity is evident in both sections (based on slope in the freezing level), but is greater in the midlatitudes. The atmosphere is generally cooler in the midlatitude cases, with the 08C level averaging 3.3 and 1.8 km MSL on the south and north edges of the midlatitudes ARs, versus 4.2 and 3 km MSL for the subtropical ARs. Intriguingly, the AR core (as defined by either the largest IVT in the traces shown in the bottom panels, or by the largest low-level vapor transport in the cross sections in the top panels of Figs. 6, 8, and 10 ) is closer to the southern edge of the AR in the midlatitude cases than the subtropical ones, and the horizontal vapor transport in the AR core (as defined by the low-level vapor transport) is roughly 10% greater in the midlatitude cases. Both exhibit a slope poleward with height in terms of the location of maximum transport within the AR. Remarkably, the altitude beneath which 75% and 99% FIG. 9 . As in Fig. 5 , but for the 12 midlatitude cases.
of IVT occurs is nearly identical for the midlatitude and subtropical ARs.
d. Toward a scaling of AR water vapor transport
Given the vital role of ARs in both global water vapor transport and in creating extreme precipitation, there is potential value to both predictive and diagnostic studies in identifying, tracking, and communicating the relative magnitude of an AR event in terms of bulk water vapor transport. However, the units are rather hard to grasp without context. The development of a simple scale for AR strength can overcome this. This simple scale would be analogous to the existence of a ''flood stage'' for terrestrial streamflow and of the use of the ''Sverdrup'' for ocean current transport ( with TIVT for the 21 cases shows an 83% correlation while maximum IWV (IWV MAX ) versus TIVT has a correlation of only 20% (Fig. 11) . A comparison of IWV and IVT from all AR dropsondes (not shown) showed that increasing values of IVT are somewhat associated with increasing values of IWV; however, the correlation between the two parameters is relatively low at 0.53. Based on these results, the use of IWV as a proxy for IVT is not recommended.
e. Dropsonde horizontal resolution
The data from several well sampled cases are used to assess the sensitivity of AR transport (TIVT) to dropsonde horizontal spacing and vertical resolution. This sensitivity analysis is of practical importance for future field campaigns examining ARs because of the relatively high cost of the dropsondes.
In this sensitivity experiment, a series of sequential calculations of TIVT i (i 5 1 2 N) are made across FIG. 12. Illustration showing how spacing between dropsondes was varied for resolution experiments using AR event 9 as an example. The white dots represent the locations of dropsondes. Shown are (a) the original spacing and spacing for the experiments with increased spacing of (b) 23, (c) 43, and (d) 83. The background color fill shows IWV from SSM/I satellite measurements as described in Fig. 1. an AR. The first calculation, TIVT 1 , utilizes all available dropsondes and serves as the control. Subsequent calculations remove interior dropsondes so that the average distance between dropsondes doubles. Thus, the horizontal spacing would increase relative to the control case by a factor of 2 for TIVT 2 , a factor of 4 for TIVT 3 , a factor of 8 for TIVT 4 , and so on (dropsondes on each end of the transect are the same throughout to ensure the width of the AR did not change).
For this experiment TIVT was calculated using the IVT . 250 kg m 21 s 21 threshold. Only AR events 1, 4, 5, 6, 8, and 9 were used in this experiment because they had 1) a relatively uniform dropsonde spacing s across the AR (s s /hsi , 0:40), where s s is the standard deviation of dropsonde spacing and 2) at least nine dropsondes across the AR allowing for an increased spacing of at least 4. The mean dropsonde spacing in each of these six AR events varied from 63 to 95 km with a mean of 80 km. Figure 12 shows how the sequential removal of specific dropsondes was performed to increase dropsonde spacing by a factor of 2, 4, and 8 using AR event 9 as an example.
When the spacing between dropsondes was doubled, the absolute difference in TIVT varied from 1% to 9% with a mean value of 5% (see Fig. 13 ). When the dropsonde spacing was increased by a factor of 4, the absolute TIVT difference from the control case ranged from 4% to 18%, although it should be noted that results from five of the cases varied from 4% to 10%, with a single case at 18%. The two experiments with enough dropsondes across the AR to allow an increase in spacing by a factor of 8 had a mean absolute difference of 28%.
A parallel experiment was carried using the 0.58 GFS analysis data described earlier. In this experiment, GFS analysis data were linearly interpolated to each dropsonde location, and then the procedure was carried out as before, that is, increasing the spacing between dropsonde sites by factors of 2, 4, and 8 and calculating the TIVT. Only three (events 6, 8, and 9) of the six cases were examined in this parallel experiment because of limited availability of 0.58 GFS analysis products.
The absolute differences in TIVT due to increasing spacing using the interpolated GFS analysis products was about one-third of the differences calculated when using the dropsonde values. The smaller differences are likely due (at least in part) to 1) the interpolation of the GFS products to the dropsonde locations which would have a smoothing effect on horizontal variations and 2) numerical weather model products having (in general) smoother varying horizontal fields than the real atmosphere.
The results of this sensitivity experiment illustrate how the accuracy of the calculated TIVT across an AR degrades as the dropsonde resolution increases and may provide at least a first-order estimate for cost analyses during the planning of future research flights. Based on these results, it is recommended that future airborne AR experiments focused on TIVT normally use a dropsonde spacing of 100 km, which will not seriously degrade TIVT measurements and would on average still provide eight samples within AR conditions. Other AR science or objectives (e.g., numerical weather prediction and data assimilation) may require closer spacing.
f. Comparison to GFS analysis products
Dropsonde-derived values of IWV, IVT, and TIVT along transects from 14 AR cases were compared to values from GFS analysis products (0.58 grid) to provide an initial estimate on how well numerical models simulate these important quantities. Admittedly, the GFS model is just one of many numerical models, and the brief analysis provided here is simply a starting point for a more comprehensive analysis involving multiple models.
Values of IWV and IVT were calculated using the GFS humidity and wind fields at each dropsonde location in the transects using linear interpolation and model analysis time closest to the time at midtransect. Figure 14 shows the difference (GFS minus dropsondes) in IWV and IVT along 14 of the 21 AR transects shown in Table 1 (GFS products at 0.58 resolution were not available for cases 1-5, 7, and 10). In general, the GFS model overestimates both IWV and IVT in the subtropical cases and, to a lesser extent, in the midlatitude cases. There is a consistent trend for the GFS to overestimate IVT on the poleward side of subtropical ARs and on the southern side of midlatitude ARs.
Comparisons of TIVT calculated from the dropsondes and GFS model are found in Fig. 15 . Values of TIVT calculated over the entire column (1000-300 hPa; Fig. 15a) show a relatively close correspondence between dropsondes and the GFS model, with the GFS model slightly overestimating TIVT (with the exception of a single outlier case), which is consistent with the results shown in Fig. 14. Values of TIVT along each transect were calculated in 50-hPa layers to examine the vertical structure. The vertical profiles of this layer TIVT are shown in Fig. 15b , where the values are normalized by their respective TIVT calculated over entire atmospheric column. The difference between the layer TIVT vertical profiles shown in Fig. 15c indicate that the mean differences are up to about 2% of the total atmospheric column TIVT at any given height. However, there is a consistent trend for the GFS model to overestimate the TIVT contribution below about 925 hPa and above 550 hPa and to underestimate the TIVT contribution in between these pressure levels.
Discussion
Measurements from 21 AR events described above provide the best observations to date of the intensity, size, and structure of a relatively large number of ARs. This structure is summarized schematically in dipole structure in the vertical (Fig. 16b) . The upper portion is the well-known upper-level jet, which is where the strongest winds are found, but where water vapor transport is minimal because of the extreme cold, and thus dryness of the air. The lower portion represents the atmospheric river, which carries the vast majority of the horizontal water vapor transport, even though the winds are not as strong as in the upper-level jet.
For each transect the total horizontal transport of water vapor within the domain of the AR was observed. It is analogous to a measurement of streamflow in a terrestrial river, which is measured in cubic meters per second. However, the flux in an AR is in the form of water vapor rather than liquid, the edges are less well defined, and TIVT is measured in kilograms per second. Another analogy is in terms of ocean currents and their transport of ocean water. Like ARs, they exist without solid lateral boundaries, and nonetheless measurements of their transport have been of great utility in ocean science.
Mean flow rate (i.e., TIVT) within the 21 observed ARs in Table 2 Zhu and Newell (1998) , thus suggesting that the mean of these 21 cases is representative of a global mean. The total instantaneous water vapor flux in an average AR is roughly equivalent to the flux of liquid water into the Gulf of Mexico from 27 Mississippi Rivers, or to the discharge of 2.6 Amazon Rivers (Kammerer 1990 ; see Table 3 ). For comparison, the total discharge of freshwater into the oceans is roughly 10 6 m 3 s 21 ( vapor, with relatively weak winds. As latitude increases toward the pole it becomes increasingly necessary to have both strong winds and adequate water vapor. In general, the AR width and TIVT are less dependent on latitude when IVT is used to define ARs than when IWV is used. Thus, IVT represents a more robust threshold across a wider range of conditions than does IWV. The measurement of water transport rates in ocean currents has been routinely performed over many decades using vertical arrays of current meters. However, the more spatial and temporally transitory nature of ARs currently limits our observational methods over oceans to aircraft-deployed dropsondes, and over land to radiosondes and AR observatories (AROs; White et al. 2013) . AROs include wind profiling radars and GPS-met IWV sensors that can monitor AR ''bulk water vapor flux,'' which is a proxy for IVT . Seven AROs are now emplaced along the U.S. West Coast, and it is possible that more research aircraft missions will be conducted.
The emergence of the AR concept reflects an understanding that atmospheric horizontal water vapor transport in the midlatitudes and subtropics occurs almost entirely within relatively narrow ''filaments.'' There are typically 3-5 in existence in each hemisphere, each contributing roughly a quarter of the global water vapor transport in the midlatitudes. Taken together, eight ARs globally transport an amount of water vapor equivalent to roughly 4 times the discharge of the world's rivers.
It is envisioned that future work will use global reanalyses to evaluate the representativeness of the means derived from the airborne data presented here and will include quantitative evaluation of weather and climate reanalyses, forecasts, and climate projections through use of these unique observations. The increasing focus on the horizontal transport dimension of the atmospheric water vapor budget complements the TABLE 3. Comparison of mean flow rates between the observed ARs in this study and major river systems. Mean river flow rates are from Wohl (2007) , except for Mississippi River, which was taken from Kammerer (1990 long-standing and extensive exploration of vertical water vapor fluxes from the Earth's surface and deep convection.
